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Abstract: In this study, a semi-empirical model is presented that correlates to previously
obtained experimental overpotential data for a high temperature polymer electrolyte
membrane fuel cell (HT-PEMFC). The goal is to reinforce the understanding of the
performance of the cell from a modeling perspective. The HT-PEMFC membrane electrode
assemblies (MEAs) were constructed utilizing an 85 wt. % phosphoric acid doped Advent
TPS® membranes for the electrolyte and gas diffusion electrodes (GDEs) manufactured by
Reactive Spray Deposition Technology (RSDT). MEAs with varying ratios of PTFE binder
to carbon support material (I/C ratio) were manufactured and their performance at various
operating temperatures was recorded. The semi-empirical model derivation was based on the
coated film catalyst layer approach and was calibrated to the experimental data by a least
squares method. The behavior of important physical parameters as a function of I/C ratio and
operating temperature were explored.
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1. Introduction
Three of the most significant challenges facing the wide commercialization of proton
exchange membrane fuel cells (PEMFCs) are: (1) improving catalyst tolerance to impurities [1–6];
(2) simplifying water and thermal management schemes [1–4,6]; and (3) enhancing the kinetics
of the oxygen reduction reaction (ORR) at the cathode [1,2,6–8]. Recent research has
focused on mitigating the above challenges by increasing the operating temperature of PEMFCs
from ~80 °C to >120 °C, resulting in so-called high temperature PEMFCs (HT-PEMFCs).
At high operating temperatures, carbon monoxide adsorption onto the catalyst surface, which
greatly reduces cell performance, is not favored. It was found for temperatures above 160 °C
that upwards of 3% carbon monoxide in the feed stream could be tolerated [9,10]. The
elevated temperature of the HT-PEMFC also means that there is a greater thermal gradient between
the cell and the environment. This simplifies the balance of plant related to thermal management
due to faster heat rejection [2]. Operating at elevated temperature does introduce new difficulties
in maintaining adequate hydration of proton exchange membranes such as Nafion®, though
this issue has been addressed with the use of phosphoric acid doped membranes which do not
require external humidification [1,11,12]. Operating without external humidification not only simplifies
balance of plant but also implies single phase, gaseous, transport in the gas diffusion layers (GDL)
and flow channels, which makes reactant diffusion processes more facile [3,4]. To date, phosphoric
acid-doped polybenzimidazole (PBI) membranes have been among the most successful acid
doped membranes for HT-PEMFC applications [11–20]. PBI outperforms conventional membranes
(i.e., Nafion®) by self-solvating protons to allow charge migration, hence minimizing the reliance on
water for proton transport.
Despite their advantages, widespread implementation of HT-PEMFCs still has significant
roadblocks. Material performance and durability can be compromised at elevated temperature [6].
The use of phosphoric acid doped membranes to combat dehydration issues results in a highly
acidic environment that can increase component degradation [2]. Several authors have noted a rapid
degradation of cell performance for PBI-based HT-PEMFCs [21–25]. Two key processes related to
this rapid degradation have been identified: catalyst agglomeration in the cathode due the presence of
phosphoric acid and oxygen coupled with the high potential, and the direct degradation of the
polymer. In addition, as with their low temperature counterpart, cost of production is a major concern
for HT-PEMFCs [26]. As such, Reactive Spray Deposition Technology (RSDT) has been examined in
recent publications as a low cost method for producing HT-PEMFC MEAs [27,28]. RSDT is
a flame-based method suitable for nanoscale particle production and deposition in a single step
process. RSDT relies on combustion of a fuel and solvent as a thermal energy source that drives
particle nucleation. Annealing occurs either by reaction of precursor gases (gas-to-particle conversion)
or by evaporation and/or reaction of suspended precursor particles or droplets (particle-to-particle
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conversion) in gas streams. The RSDT system avoids the wet chemistry byproducts and the
associated nanoparticle separation/purification steps necessary for separate catalyst formation
and deposition. It also combines catalyst production and electrode fabrication in one step.
Previous work with RSDT in HT-PEMFCs explored the proof of concept in manufacturing
catalyst-coated membranes (CCMs) using PBI based membranes [27], as well as investigating
the manufacturing of gas diffusion electrodes (GDEs) using the more recently developed TPS®
membrane produced by Advent Technologies [28]. The TPS® membrane was chosen in the more recent
study due to its similar behavior to pure phosphoric acid at elevated temperatures [29].
It is important to correlate the resulting performance of the HT-PEMFC to physical properties
of the RSDT electrode such as the binder to carbon support ratio (I/C), catalyst loading, pore
size distribution, catalyst roughness, and critical pore radius. For this reason a semi-empirical
model was developed in this work. There are several commonly used approaches to modeling
the behavior of the catalyst layer in a PEMFC. The simplest approach is the interface approximation,
which treats the catalyst layer as an ultra-thin reactive boundary between the membrane electrolyte
and the GDL [30,31]. The issue with this approach is that it does not glean any relevant structural
information about the catalyst layer and, additionally, it generally over predicts the performance
since mass transport limitations are not taken into account [32]. A second approach involves
a few different scenarios that can be collectively referred to as thin film modeling [33–41]. These models
are more complex than the interface approach, but still relatively simple and easy to implement.
In this approach, the catalyst layer is treated as a thin film where the porous structure contains either
water (in the case of a polymer electrolyte) or phosphoric acid (in the case a phosphoric acid doped
membrane is used). The nature of how the liquid occupies the catalyst layer is where the distinction
is made between approaches. Several works have assumed the liquid floods the catalyst layer and
reactant transport takes place through the flooded porous media [33–35]. Others have assumed
there are large, gas phase pores that exist due to hydrophobic binders such as PTFE coupled with smaller
hydrophilic pores [36–39]. Many of these works focus on gas phase diffusion through the catalyst layer
as the primary mass transport resistance. A further subtlety may be applied when the larger, gas
filled pores are characterized as having a thin coating of liquid on the walls [40,41]. Reactants must
then dissolve into and diffuse through this coating to reach the catalyst embedded in the pore walls.
This type of model will be referred to as a coated film model in this work. In the case of phosphoric acid
fuel cells, it was argued by Scott et al., that the gas phase diffusion resistance was negligible
compared to the diffusion through the coated film [41,42]. The final approach is the catalyst agglomerate
model [32,40,41,43–48]. This approach is the most complex and generally considered to be the
most complete for most catalyst layer structures. It considers the catalyst layer to be composed of
spherical agglomerates of catalyst material where the space between the agglomerates is filled
with a mixture of the electrolyte and reactant gases. Gas dissolves and diffuses to the center of the
agglomerates while continuously reacting.
The coated film model was selected in this work for modeling the transport in the catalyst layer of
the HT-PEMFC produced by RSDT for several reasons: (1) the balance of simplicity and detail
makes it a good candidate to capture the behavior of the performance data; (2) it has been stated
that it is appropriate for catalyst layer thicknesses ≤5 μm [45]. The typical catalyst layer thickness
produced by RSDT ranges from 500 nm up to 5 μm; and (3) RSDT provides excellent dispersion
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and particle size distributions when I/C ratios are optimized, so the agglomerate model may not
be geometrically appropriate for catalyst layers produced via RSDT. Experimental data for the
Advent TPS® membrane MEAs reported in [28] exposed to pure oxygen have been correlated
with the developed model. The resulting calibrated parameters were examined as a function of varying
ionomer(PTFE)/carbon(Vulcan XC-72R) (I/C) ratio and as a function of operating temperature of
the cell. The effect of varying I/C ratio for HT-PEMFCs has been shown to be important in previous
studies by Lobato et al. for (PBI)-H3PO4/Vulcan XC-72R in the catalyst layer and PTFE/Vulcan
XC-72R in the microporous layers [49,50]. It was observed that the optimum performance of
the RSDT produced HT-PEMFC was obtained for I/C = 0.9 and T = 190 °C (determined by the
current density achieved at a cell voltage of 0.6 V) [28]. This work seeks to build upon the
previous experimental study by applying a physical model to reinforce the understanding of the cell
performance as a function of temperature and I/C ratio. Interpretations of the trends in the model
parameters calculated in this study have been provided to explain the observed behavior of the
experimental polarization results with specific focus on how the distribution of phosphoric acid within
the catalyst layer relates to cell performance.
2. Results and Discussion
2.1. Correlation of Model and Experimental Data
Figure 1 shows the comparison between the model and the experimental data collected in our
group’s previous work [28]. The model compares to the data very well over the full range
of current densities regardless of the I/C ratio (average normalized root mean square deviation (NRMSD)
was 0.020 with a standard deviation of 0.004). Detailed discussions of these trends are available
in [28] from an experimental point of view and will be briefly summarized here for convenience.
It appears that increasing the I/C ratio, up to 0.9, results in an improvement in the overall
performance relating to activation overpotential, ohmic losses, and mass transport limiting behavior.
The best performance was obtained for I/C = 0.9 [28]. This was due, in part, to the excellent
dispersion of the platinum nanoparticles achieved at that ratio. The TEM images in Figure 2
show increased platinum agglomeration and poor coverage of some of the binder for the less optimal
I/C ratios, particularly at the low I/C (I/C = 0.1). Increasing I/C to 1.0 resulted in a decrease
in the resulting performance. This trend persisted for all operating temperatures studied. The
effect of temperature is somewhat more obscure with what appears to be an initial increase
in performance across all I/C ratios followed by a decrease at the higher temperatures of 190 and 200 °C
depending on the I/C ratio considered. These trends will be further elucidated in the discussion of
the modeling results below.
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(a)

(b)

(c)

(d)

Figure 1. Correlation between experimental data and the coated film model developed in
this work (curves are modeling results and points are experimental data from [28],
reproduced with permission, with I/C ratios indicated in the figure legends). Cell operating
temperatures are (a) 160 °C, (b) 180 °C, (c) 180 °C, and (d) 200 °C.

Figure 2. TEM images showing evolution of platinum distribution as a function of varying ratios
of PTFE binder to carbon support material (I/C). Red arrows indicate areas where platinum has
the grouped whereas blue arrows indicate areas where platinum is absent from the support.

Catalysts 2015, 5

1678

2.2. Effect of I/C Ratio
′ , κ, and Γ. More details on the
Three parameters were used to describe the experimental data: j0,c

modeling approach are provided in Section 3.2. Each of the parameters is representative of one of the
characteristic regions of a typical fuel cell polarization curve: the activation loss region, the ohmic loss
region, and the mass transport limiting region, respectively. Figure 3 shows the results for each parameter
as a function of I/C at various temperatures.

(a)

(b)

(c)
Figure 3. Correlation parameters as a function of I/C for different temperatures. Inset
′ , (b) represents the area specific
(a) represents the exchange current density parameter, j0,c
resistance parameter, κ, and (c) represents the geometric parameter, Γ.
′ and Γ have similar
When examining the behavior of the parameters in Figure 3, it is observed that j0,c

trends towards increasing performance with increasing I/C up to 0.9 at which point the trend starts to
invert. However, κ has a slightly different behavior where there is an initial increase between I/C = 0.1
and 0.3. At elevated temperatures, there is a steady decrease between I/C = 0.3 and 0.9 followed by an
increase again at I/C = 1.0. At lower temperatures, however, this trend is obscured. The observed
behavior can be understood by considering the pore size distribution (obtained via mercury intrusion
porosimetry using a Micromeritics AutoPore IV 9500) reported in our previous work [28]. As the I/C ratio
was increased, there was a shift in the average pore size towards smaller pores in the 0–1000 nm range
(the relevant range for the catalyst layer). Figure 4 shows this shift in the pore size distribution.
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Figure 4. Pore size distribution of the gas diffusion electrode (GDE) (adapted from [28] with
permission). Blow up shows the range from 0–1000 nm which is attributed to the
catalyst layer.
Li et al. showed that a critical radius exists within a porous catalyst layer below which the pores are
completely flooded with acid and above which they are gas filled with a coating of acid on the pore
walls [40]. Due to the shift in the pore size distribution towards smaller pore radii, the number of acid
flooded pores can be expected to increase. This behavior can be used to explain the observed trends in
the three correlation parameters shown in Figure 3. Furthermore, as discussed in Section 3.2, it is
assumed that the gas phase mass transport resistance has a negligible effect on cell performance for this
particular HT-PEMFC configuration. The fact that an increase in cell performance occurs despite a
decrease in overall pore size and porosity with increasing I/C ratio is supportive of this assumption since
a reduction in porosity would tend to negatively impact gas phase transport.
′ , there is a general upward trend in its
Beginning with the exchange current density parameter, j0,c
value until a maximum is obtained between I/C = 0.7 and 0.9 at which point the trend starts to decrease.
This behavior can be rationalized by considering the catalyst roughness, ac, (Equation (3) in Section 3.2).
As the I/C ratio increases and smaller pores are favored, causing increased flooding of those pores in the
catalyst layer with phosphoric acid, there will be less catalyst surface area exposed directly to the
reactants since it is assumed that reactions occur primarily in the acid films coating the walls of the
larger, gas filled pores. As pointed out by Li et al. [40], the coated film approach assumes that only the
catalyst material within these larger pores are electrochemically active while the catalyst material in the
depths of the completely flooded pores is unutilized. Simultaneously, the ionic interconnectivity between
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the larger gas filled pores will likely be improved, which will activate otherwise isolated catalyst
material. The net effect is an initial increase in the effective surface area of the catalyst until the pores
become too small and the catalyst layer begins to flood completely causing a drop in the surface
roughness, and consequently, the exchange current density at I/C ratios above 0.9. It is also possible that
excessive PTFE binder begins to cover the catalyst sites at high I/C ratios creating the same effect.
The behavior of the area specific resistance parameter, κ, is more complicated than the others.
As mentioned above, there is an initial increase in κ between I/C = 0.1 and 0.3, followed by a general
decrease with increasing I/C up to I/C = 0.9. At elevated temperatures, 190 °C and 200 °C, there is a
second increase between I/C = 0.9 and 1.0. As explained in Section 3.2, it is believed that the ohmic
resistance parameter is a combined effect of the catalyst layer ionic resistance, the contact resistance
between the membrane and the GDE, and the electrolyte resistance. When the I/C ratio is changed at
constant temperature it is not expected that the electrolyte resistance should change and thus the behavior
of κ should be related to changes in contact resistance and catalyst layer resistance. The initial increase
in the cell resistance can likely be explained by the very low I/C ratio. For such a low ratio, there is an
abundance of hydrophilic carbon present in the catalyst layer. This, coupled with the greater porosity as
evident in Figure 4, will lead to a much greater level of phosphoric acid in the electrodes. There will be
large scale flooding of the cathode, which will have a negative impact on the other cell parameters, but
will lead to excellent ionic conductivity of the catalyst layer. When the I/C ratio is increased, this high
level of flooding will be reduced causing the increased cell resistance observed in Figure 3. The
resistance is then observed to decrease with increasing I/C between 0.3 and 0.9 most likely for similar
reasons discussed in relation to the exchange current density. As the shift towards smaller pore sizes
continues, more pores will be sized below the critical pore radius and there will be an improvement in
the phosphoric acid percolation network. As the I/C ratio increases beyond 0.9, Figure 4 indicates a
breakdown in the uniformity of the pores, which may cause increased contact resistance. It is also
possible that excessive levels of hydrophobic binder can begin to impede capillary action. These two
scenarios would then seem to be exacerbated by increased temperature explaining the strong increase in
resistance for higher temperatures at I/C = 1.0.
The behavior of Γ can be explained similarly to the exchange current density in terms of the effect on
the active catalyst surface area. However, it is conceivable that increased flooding begins to cause
an increase in the thickness of the phosphoric acid film in the larger gas pores. This would tend to hinder
the transport of the reactants. The trend observed in Figure 3 would then be the result of a balancing of
the two opposing effects.
It is worth mentioning that the improvement to the catalyst roughness can also be attributed to
improved distribution of the platinum nanoparticles as discussed in Section 2.1 and [28]. The optimum
I/C ratio gives the most uniform platinum distribution in the catalyst layer, which helps maximize
utilization. However, this improved distribution would not directly affect the behavior of κ indicating
there is an effect of changing phosphoric acid distribution in the catalyst layer.
2.3. Effect of Temperature
Aside from the effect of the I/C ratio, there is an interesting behavior of the three parameters with
operating temperature, which are shown in Figure 5.
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(a)

(b)

(c)
Figure 5. Correlation parameters as a function of temperature for I/C ratios. Inset
′ , (b) represents the area specific
(a) represents the exchange current density parameter, j0,c
resistance parameter, κ, and (c) represents the geometric parameter, Γ.
′ , does not display the Arrhenius relationship one might
The exchange current density parameter, j0,c

initially expect. This departure from linear behavior is caused by the catalyst roughness, which decreases
with increasing temperature. Similarly, the parameter Γ increases with temperature since the surface
roughness influences it as well. As discussed in Section 2.2, an increase in the phosphoric acid content
of the catalyst layer, to a point, increased the catalyst electrochemically active surface area. The trend
observed in Figure 5 seems to indicate a reduction of phosphoric acid saturation within the catalyst layer
with increasing temperature. The reason for this phenomenon requires further exploration, but it may be
possible that there is a shift to a lower critical radius with increasing temperature or the TPS® membrane
has a higher phosphoric acid retention at elevated temperatures leading to decreased migration into the
′ is enhanced at the less optimum
catalyst layer. It is interesting to note that the negative influence on j0,c
I/C ratios (i.e., there is a maximum influence for I/C = 0.1 and a minimum for I/C = 0.9). The reason for
this behavior can be attributed to better interconnectivity of the pores at the optimum I/C ratio. Even as
the phosphoric acid content decreases, the remaining phosphoric acid has better percolation, which leads
to a higher active catalyst surface area. The effect of the reduced surface roughness appears to be less
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pronounced for the Γ parameter, which can be explained by a simultaneous reduction in film thickness
as the overall phosphoric acid content in the electrodes decreases.
Regarding κ, there are unique behaviors with temperature depending on the I/C ratio. For I/C = 0.1,
0.3, and 0.5, there is an observed initial decrease in the resistance with increasing temperature followed
by an increase at the higher temperatures. For I/C = 0.7 and 0.9, the resistance tends to more or less
decrease with increasing temperature. Finally, for I/C = 1.0, the resistance increases as temperature
increases. It is important to keep in mind here that there are several competing effects at play. The
membrane conductivity, which was unchanged with respect to I/C, should be expected to have increased
ionic conductivity as temperature increases. This will be partly responsible for any observed decreases
in resistance with increasing temperature. The hypothesized reduction of phosphoric acid migration into
the catalyst layer will reduce the effective conductivity of the catalyst layer with increasing temperature.
Lastly, the contact resistance may be expected to change depending on the relative thermal expansion
rates of the fluorinated ethylene propylene (FEP) gasket and the TPS® membrane as illustrated in
Figure 6. The different trends observed for different I/C ratios are then a product of the porous structures
unique to each I/C ratio and how those influence phosphoric acid distribution. For the more optimum
structures, I/C = 0.7 and 0.9, the negative influences are reduced and increasing phosphoric acid
conductivity outweighs reduced migration or potential increased contact resistance. For less optimum
structures, the decreased migration of phosphoric acid into catalyst layer overtakes increasing acid
conductivity to result in a net increase in cell resistance.

Figure 6. Schematic of the single cell cross section. Measurements in parenthesis indicate
thicknesses on the specified component.
3. Methods
3.1. Experimental Section
The experimental details related to the HT-PEMFC assembly and testing are available in detail
in [28]. Additional RSDT publications provide further details on the device and effects of process
parameters [51,52]. A brief summary of conditions follows. GDEs were fabricated by RSDT. RSDT is
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an open atmosphere, flame based, deposition process that utilizes the enthalpy of combustion of highly
flammable solvents to decompose metal-organic precursors. In this work, platinum(II) acetylacetonate
(Pt(acac)2, Colonial Metals, Elkton, MD, USA) was the Pt precursor, which was dissolved directly into
the solvent. The solvent was a mixture of xylene, acetone (Sigma Aldrich, St. Louis, MO, USA), and
thiol-free propane (Airgas East Inc., Cheshire, CT, USA). The precursor solution was then pumped
through an atomizing nozzle and the resulting droplets were continuously ignited with a pilot flame,
facilitating the decomposition of the precursor metal in the high temperature reaction zone of the flame
(1000–2000 °C). The support material was introduced post-combustion by a set of two secondary
nozzles that sprayed a slurry consisting of carbon (Vulcan XC-72R, Cabot Corp., Boston, MA, USA)
and various concentrations of polytetrafluoroethylene (PTFE) binder dissolved in dimethylformamide
(DMF, Sigma Aldrich, St. Louis, MO, USA). These secondary nozzles were placed on either side of the
primary nozzle and angled such that the resulting spray intersected within the post luminous zone of the
flame. The resulting spray (consisting of the platinum, carbon, and PTFE) was directed at the GDL
substrate (SIGRACET® GDL25BC) to manufacture the GDE in a single step process. The nominal
platinum loading for each electrode was kept constant at 0.05 mg·cm−2 giving a combined loading of
0.1 mg·cm−2, which achieves the DoE 2017 target of 0.125 mg·cm−2. The I/C ratios were 0.1, 0.3, 0.5,
0.7, 0.9, and 1.0 for Samples 1–6, respectively.
As mentioned above, Advent TPS® membranes were utilized as the polymer electrolyte material for
the MEA. The membranes were doped with 85 wt. % phosphoric acid (the remaining 15 wt. % being
water). The doping process involved immersing the membrane for 16 h (open to air) in acid heated to
120 °C. The membranes were weighed before and after doping and an average mass increase of 218%
was observed (standard dev., σ = 6.24%). Assembly of the MEA was done with a Carver hot press where
the procedure consisted of: 60 °C, 10 min, 2500 lbs. loading; 75 °C, 10 min, 2500 lbs. loading; 90 °C,
20 min, 2500 lbs. loading; 110 °C, 15 min, 2500 lbs. loading; 150 °C, 10 min, 2500 lbs. loading;
150 °C, 15 min, 5000 lbs. loading; Cool down rapidly at 45 °C.
The assembled MEAs (active area 5 × 5 cm2) were tested in a single cell configuration. FEP gaskets
were used to seal the edges of the cell to prevent leakage of the phosphoric acid (Figure 6). While the
use of these gaskets is necessary, it is believed this may create some elevated contact resistance between
the GDE and the membrane. The contact resistance was explicitly accounted for in the model.
Prior to performing fuel cell polarization tests, the cell was held at 0.6 V for 3 h for performance
break-in. Typically, around 24 h is necessary for a break-in period for PEMFC technology but it was
found that stable voltages were achieved after 3 h in this case. This may be due to the lack of external
humidification, which is required to hydrate a low temperature PEMFC that requires long periods of
time to reach steady state. The cell operating temperature was varied between 160 and 200 °C. The anode
was exposed to 1 atm of hydrogen gas at a flow rate of 0.2 L·min−1 while the cathode was exposed to
1 atm of oxygen at a flow rate of 0.2 L·min−2. Again, no external humidification was provided.
3.2. Performance Model
In order to predict the performance of the single cell, a semi-empirical model was developed. The
derivation begins with a modified expression for the overall cell voltage.
∆E =
EOCV − Ecell =
ηa,act + ηc,act + j κ

(1)
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Due to the difficulty of predicting the OCV of the cell and to avoid a miscalculation of the exchange
current density, the cell overpotential defined by ΔE in Equation (1) was used to calibrate the model to
the experimental data. The OCV can typically be theoretically calculated using the Nernst equation and
a crossover current term to account for fuel permeation through the electrolyte, but it was found that this
approach did not yield satisfactory comparisons. This may be due to additional factors such as carbon
corrosion and surface structure, as well as effects of locally varying acidity making it difficult to predict
the true activity of the constituents. The terms on the right hand side of Equation (1) represent the
activation overpotential of the anode and cathode, and the ohmic resistance losses of the cell,
respectively. For the HT-PEMFC, the activation overpotential of the anode is assumed to be negligible
due to the relatively facile reaction kinetics for hydrogen oxidation [53]. The cathode overpotential can
be determined using Tafel approximation.
RT  j 
ln 
ηc,act =
−

αF  j0,c 

(2)

′ groups the
The cathodic exchange current density, j0,c, can be expanded where the parameter j0,c

reference exchange current density, Arrhenius effect, and surface roughness together.

 CO2
=
j0,c j ac 
 CO ,sat
 2
ref
0,c

γ


 E 
T 
=
 exp  − act
1 −

 RT  Tref  


 CO2

 CO2 ,sat

γ


′
 j0,c


(3)

For the ohmic overpotential, it is assumed that the major contributors to the overall cell resistance
are the membrane electrolyte, the ionic resistance of the catalyst layers, and the contact resistance
between the GDE and the polymer electrolyte. This implies all electronic resistance contributions from
the cell are negligible.

=
κ

lm 2lcl
+
+ RC
σm σcl

(4)

In this study, the overall area specific resistance, κ, is treated as an adjustable parameter. Combining
the above expressions gives the relatively simple result:
=
∆E


− RT 
j
ln
αc F  C C
 O2 O2 ,sat

(

)

γ


 + jκ
′
j0,c 

(5)

At this point, it is necessary to introduce the physical description of the catalyst layer in order to
calculate the oxygen concentrations in Equation (5). For this work, the coated film model has been
adopted as schematically presented in Figure 7.
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Figure 7. Depiction of the coated film model for the porous electrode (not drawn to scale).
This model describes a porous catalyst layer consisting of a mix of small phosphoric acid filled pores
and larger gas filled pores. The smaller pores create a capillary action that draws phosphoric acid to the
larger pores while also serving as a pathway for ion conduction to and from the membrane electrolyte.
Due to the capillary effect feeding the larger pores, the pores become coated with a film of phosphoric
acid. The walls of the pores are assumed to be lined with the catalyst material and the reactant gases
must first diffuse through this coated film before reacting. It is assumed in this case that gas phase
transport is negligible compared to the transport through the coated film. This assumption was validated
previously by Scott et al. for HT-PEMFCs [41,42]. Additionally, the current experimental setup
considered in this work utilizes pure oxygen in the reactant feed stream meaning there is no interdiffusion
with other gases such as nitrogen, and no external humidification is applied, which can lead to complex
multiphase transport in the GDL. Taking this into consideration concentrations in Equation (7) are
calculated assuming 1-D Fickian diffusion through the coated film where the saturation concentrations
are assumed to correlate with the Henry’s law saturation behavior.
jδ
Γj
CO2 =
CO2 ,sat −
=
CO2 ,sat −
nFac mDO2 ,H3PO4
nFDO2 ,H3PO4

(6)

The parameter m in Equation (6) corrects for the effective diffusivity of the coated film and accounts
for any obstructions through the coated film. Additionally, the experimental current density, j, must be
corrected in Equation (6) to account for the active surface area of the catalyst rather than the MEA active
area (5 × 5 cm2). This is the reason for the appearance of the roughness factor, ac. For increasing surface
roughness the local molar flux of reactants through the coated film would be expected to decrease for
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the same experimental current density, which is measured relative to the planform area of the cell.
Without the addition of the roughness factor, the calculation of the local concentration of reactants near
the catalyst surface through the coated film would be lower than expected. This same correction has also
been employed by Mamlouk et al. [54]. The geometric parameters in Equation (6) are grouped together
as the parameter Γ.
Using the coated film model, Equation (5) can be solved for comparison to the experimental data.
′ , κ, and Γ. The necessary physical
Equations (5) and (6) contain three adjustable parameters: j0,c
parameters used to solve the governing equations are contained in Table 1. The mathematical model was
correlated to the experimental data using Matlab’s least squares routine (lsqcurvefit).
Table 1. Parameters used in Equations (5) and (6).
Parameter (Units)
αc [55]
γ [15]

CO2 ,sat (mol·cm−3) [56]

DO2 ,H2 PO4 (cm2·s−1) [56]

Value
0.94
1

 − 9.4866 × 103 
1.7410 × 10−8 exp 

RT


 − 3.9729 × 104 
2.0402 exp 

RT



4. Conclusions
The focus of this study was the development of a simple, yet accurate, semi-empirical model to
calibrate against performance data from a HT-PEMFC with GDEs manufactured by RSDT. The model
used the coated film approach to approximate transport in the catalyst layer. The effects of I/C ratio of
the GDEs as well as operating temperature were explored. The evidence suggested that increasing the
I/C ratio increased performance to a point due to the decreasing average pore size and the more uniform
pores. This caused increased phosphoric acid migration into the electrodes, which improved the effective
catalyst utilization and improved effective ionic conductivity. If the I/C ratio was too high or extremely
low, this caused electrode flooding and decreased performance. Based on the trends of the correlation
parameters, the increased temperature led to a decrease in phosphoric acid content of the electrodes,
which led to greater ohmic resistance and reduced active catalyst surface area. These effects were partly
counteracted by Arrhenius behavior of the exchange current density and enhanced ionic conductivity of
phosphoric acid in the electrodes. As expected, the general conclusions reached in the previous
experimental study have not changed; however, the modeling approach has provided some new insight
into the nature of the performance variations as a function of I/C and temperature. The model provides
new theories regarding cell performance behavior, which will be the subject of continuing work. Future
work will seek to improve the fidelity of the model and begin to explore the influence of the higher
temperature on the reduced acid migration. Further theory will be developed in an attempt to predict the
adjustable parameters utilized in this study. Additionally, studies of the durability of the manufactured
cells will be investigated.
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Nomenclature

ac

Catalyst surface roughness factor (catalyst surface area/electrode geometric area)

Ci
Ci ,sat

Molar concentration of species i at the catalyst surface (mol·cm−3)

Di ,H3PO4

Diffusivity of species i in phosphoric acid (cm2·s−1)

Eact

Activation energy (kJ·mol−1)

Ecell
EOCV

Cell potential (V)

F

j
j0,c

Saturation concentration of species i (mol·cm−3)

Open circuit potential (V)
Faraday’s constant (C·mol−1)
Current density (A·cm−2)
Exchange current density (A·cm−2)

ref
j0,c

Reference exchange current density (A·cm−2)

′
j0,c

Parameter defined by Equation (3) (A·cm−2)

lcl

Thickness of catalyst layer (cm)

lm

Thickness of membrane electrolyte (cm)
Diffusivity correction factor
Number of transfer electrons
Ideal gas constant (kJ·mol−1·K−1)
Contact resistance (Ω·cm2)
Operating temperature (K)
Reference temperature (K)

m
n
R

RC
T

Tref
Greek
αc
γ

Transfer coefficient
Pressure coefficient
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Γ
δ
∆E

∆ENernst
ηa,act
ηc,act

κ

σcl
σm
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Parameter defined by Equation (6) (cm)
Film thickness (cm)
Cell potential drop (V)
Change in Nernst potential (V)
Anode activation overpotential (V)
Cathode activation overpotential (V)
Parameter defined by Equation (4) (Ω·cm2)
Conductivity of the catalyst layer (S·cm−1)
Conductivity of the membrane electrolyte (S·cm−1)
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